In Citrus, self-incompatibility (SI) regulation is gametophytic, and this phenomenon is an economically critical problem for some Citrus cultivars without high parthenocarpic ability. Few molecular biological studies of SI in Citrus have been performed, and the molecular mechanism of SI has not been clarified. To investigate the effect of different stages of style development on pollen tube behavior, flower buds of self-incompatible 'Hyuganatsu' (Citrus tamurana hort. ex Tanaka) were histologically assayed. When the flower buds were observed 168 hours after pollination, pollen tubes in the self-pollinated flower buds 1 and 3 days before anthesis (DBA) were arrested in the upper part of the styles, while those in flower buds self-pollinated 5 DBA reached the base of the styles. These results revealed that SI in 'Hyuganatsu' has not yet occurred in the flower buds 5 DBA, but generated in the flower buds 3 DBA. To search SI-related pistil proteins in Citrus, we profiled a number of protein expressions in 'Hyuganatsu' styles of 1, 3, and 5 DBA by two-dimensional gel electrophoresis and MALDI-TOF mass spectrometry. One-hundred thirty-eight protein spots were significantly different in abundance among the three stages, and 17 up-regulated and 26 down-regulated protein spots could be identified. Among the 17 up-regulated proteins, nine up-regulated proteins exhibited the expression pattern of 1 DBA ≥ 3 DBA > 5 DBA, a pattern which reflected the transmission from SC to SI, evaluated by pollen tube growth. BLASTP homology search against the peptide sequences of these proteins was carried out and predicted the proteins related to the maintenance of cell shape, the signaling of pollen tube growth, the flavonol biosynthesis, the responses to various stresses, photosynthesis, and the methionine metabolic process. Among the nine proteins, some may be the SI-related pistil proteins; however, it was not possible to determine the SI-related key protein of the style in Citrus.
Introduction
'Hyuganatsu' (Citrus tamurana hort. ex Tanaka) is a late-ripening variety for fresh fruit that has good flavor, a beautiful yellow flavedo, and an unique sweet albedo. This originated as a chance seedling in Miyazaki Prefecture, and is now cultivated as a special fruit tree in Miyazaki and Kochi Prefectures. Since this variety is self-incompatible and non-parthenocarpic, 'Natsudaidai' (C. natsudaidai Hayata) trees are usually mix-planted as pollinizers (Honsho et al., 2012; Miwa, 1951) .
The self-incompatibility (SI) system in Citrus is gametophytic and each of the self-incompatible cultivars is regulated by two S-alleles Ngo et al., 2001 Soost, 1969) . In some SI cultivars of the Citrus species, 'Banpeiyu' (C. maxima (Burm.) Merr.), 'Hassaku' (C. hassaku hort. ex Tanaka), 151 'Clementine' (C. clementina hort. ex Tanaka), and 'Hyuganatsu', the self-pollinated pistils in the mature flower buds produce few developed seeds, but those in the young flower buds, with about half the length of the mature bud before anthesis, produce the largest number of developed seeds (Wakana et al., 2004) . The transition from self-compatibility (SC) to SI in the Citrus species is regulated during floral bud development.
In Rosaceae fruit trees and the Solanaceae species exhibiting gametophytic SI, the pistil S-alleles encode a ribonuclease known as S-RNase (McClure et al., 1989; Sassa et al., 1996; Yamane and Tao, 2009 ). S-RNase increased gradually with stylar maturation and reached a maximum level at the right time before anthesis (Hiratsuka et al., 1999; Tao et al., 1999) . Although the pistil S-alleles in the Citrus species have not been identified yet, their products are expected to show a distinct temporal pattern of accumulation that was correlated in time with the transition from SC to SI. Recently, the transcript profiles of unpollinated and selfpollinated styles and stigmas in Clementine mandarin cultivars, self-incompatible 'Comune' and its selfcompatible mutant 'Monreal', were compared and 96 unigenes were identified; however pistil S gene products were not identified (Distefano et al., 2009 ). An S-like RNase gene named CgSL2 was isolated in C. grandis Osbeck cv. Zigui Shatian (Chai et al., 2011) , and fulllength sequences of cDNA of the S-RNase homologous gene were obtained from C. reticulata Blanco cv. Wuzishatangju (Miao et al., 2011) . The two genes shared very high amino acid sequence identity. Although it was shown that they might play an important role for ovary senescence, the relationship between the SI reaction occurring in the styles and the S-RNase homologous gene remains unclear.
Proteomics has become a powerful tool in plant research in the last ten years. The development of stateof-the-art liquid chromatography-electrospray ion trap tandem mass spectrometry (LC-ESI-MS/MS) technology, fine separation techniques, development of genomic and EST databases for a variety of species and powerful bio-informatics tools have enabled a more comprehensive understanding and assessment of protein function, relative abundance, modifications affecting enzyme activity, interactions with other proteins, and localization (Katz et al., 2007) . Feng et al. (2006) compared the proteome profiles of self-and cross-pollinated pistils of self-incompatible apricot cultivars (Prunus armeniaca L.) by two-dimensional gel electrophoresis and LC-ESI-MS/MS and found nine protein spots differentially expressed in self-pollinated pistils and only one in crosspollinated pistils.
In this study, to search the SI-related pistil proteins increasing with flower bud development in the style of the Citrus cultivar 'Hyuganatsu', we investigated selfand cross-pollinated pollen tube behavior in the flower buds pollinated 1, 3, and 5 days before anthesis (DBA), and compared the protein differences among the unpollinated styles of 1, 3, and 5 DBA using twodimensional gel electrophoresis and matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) or matrix-assisted laser desorption ionization tandem time of flight (MALDI TOF/TOF) mass spectrometry.
Materials and Methods

Plant materials
Flower buds were collected in the spring of 2009 from mature trees of 'Hyuganatsu' (C. tamurana hort. ex Tanaka) and 'Hassaku' (C. hassaku hort. ex Tanaka) grown in the experimental field of the Subtropical Plant Branch, Miyazaki Agricultural Research Institute. The three developmental stages of the flower buds were determined by the size of the buds. The length of the flower buds pollinated 1 day before anthesis (DBA) was over 22 mm (mature or balloon stage), 3 DBA was about 18 mm, and 5 DBA was about 12 mm ( Fig. 1 ).
Pollinations and histological analysis
To obtain pollen with high activity, the flowers were collected just before anthesis (on the flowering day) from the mature trees of 'Hyuganatsu' and 'Hassaku'. The anthers were excised from their flowers and incubated at 25°C overnight. They were kept at −40°C in a refrigerator until pollination.
The flower buds of 'Hyuganatsu' were emasculated 1, 3, and 5 DBA, and pollinated with self ('Hyuganatsu') and cross ('Hassaku') pollen by a cotton swab. Each of the pollinated flowers was immediately covered with a paper bag to avoid pollination with other pollen.
Some of the self-and cross-pollinated pistils were sampled at 5 h, 24 h, 72 h, and 168 h (7 days) after pollination. All samples were fixed in FAA (formalin: glacial acetic acid: 70% ethanol, 5 : 5 : 90 v/v/v) and stored at 4°C for microscope observation. Other selfpollinated pistils were left until harvest. The harvested fruits were used to examine fruit weight and number of seeds. The seeds obtained from the fruits were categorized as perfectly developed and imperfectly developed. Thin and non-fulfilled seeds were considered to be imperfectly developed.
Evaluation of in vivo pollen tube growth
Observation of the pollen tubes in pistils was performed using a modified method of Martin (1959) . Fifteen pistils were collected in each of the pollination treatments in each sampling time. Pistils fixed in FAA were washed and softened. The softened pistils were stained with 0.1% aniline blue in 0.1 N K 3 PO 4 . The stained pistils were horizontally cut into seven parts (upper stigma, middle stigma, lower stigma, upper style, middle style, lower style, and ovary). The preparations were observed by a fluorescence microscope (DP20-5, Olympus, Tokyo, Japan). The pollen tubes in each part were observed to find the longest pollen tube in the pistil, and the part that the longest pollen tube reached was given an arabic number, i.e., arabic number 1 was given for upper stigma section, 2 for middle stigma, 3 for lower stigma, 4 for upper style, 5 for middle style, 6 for lower style, and 7 for ovary. Pollen tube growth was estimated as the average of the scores of 15 pistils per treatment.
Two-dimensional electrophoresis and image analysis
Flowers were collected 1, 3, and 5 DBA and stored at −80°C until protein extraction. The styles were sectioned from the pistils, and proteins were extracted from the styles, as described by Damerval et al. (1986) with slight modifications. Precipitated proteins were resuspended in an extraction buffer containing 7.0 M urea, 2.0 M thio-urea, 2.0% 3- [(3-cholamidopropyl) dimethylammonio] propanesulfonic acid (CHAPS) and 2.0% n-dodecyl-β-D-maltoside (Valcu and Schlink, 2006) . The concentration of total protein was determined using a Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, USA) according to the procedure described.
The proteins extracted from the style 1, 3, and 5 DBA were labeled using a fluorescent dye, IC3-OSu (Dojindo Laboratories, Kumamoto, Japan). Equal amounts of each of the samples were labeled by another fluorescent dye, IC5-OSu (Dojindo Laboratories), to use it as an internal standard. In brief, 50 μg of protein was incubated with 1.0 μL 400 pM IC3-OSu and IC5-OSu for 1 h at room temperature in the dark, and then freshly dissolved in dimethyl sulphoxide. The reaction was stopped by the addition of 2.0 μL 10 mM lysine that was treated for 15 min at room temperature in the dark. Equal volumes of each of the labeled samples (IC3-OSu and IC5-OSu) were mixed, and were cleaned to remove contaminant (e.g. salt, surfactant, phenol, and lipid). Trichloroacetic acid (TCA) was added to the samples, so that the final concentration of TCA was 10%, which were incubated for 1 h at room temperature. Sodium deoxycholate was added to a final concentration of 0.02%, incubated for 15 min at room temperature and centrifuged. One M ammonium bicarbonate was added to the obtained pellets, and the pellets were then vortexed. After adjusting the neutral pH of the samples, 1 mL of precooled acetone was added and incubated for 2 h at −30°C.
For isoelectric focusing (IEF), the cleaned samples were centrifuged and then 100 μL of a lysate buffer containing 7.0 M urea, 2.0 M thio-urea, 2.0% CHAPS, 2.0% n-dodecyl-β-D-maltoside, 0.45 M DL-dithiothreitol (DTT) and 1.0% IEF buffer BIOLITE 3/10 (Bio-Rad) was added.
Fifty micrograms of rehydrated proteins were loaded onto a 7 cm nonlinear IPG Ready Strip pH 3-10 NL (Bio-Rad). The strip was rehydrated in the abovementioned lysate buffer containing 0.1% bromophenol blue (BPB) at room temperature. The first dimension IEF was performed automatically at 250 V for 30 min, 4,000 V for 1 h, and held at 4,000 V for 10,000 Vh at 20°C on a Protean IEF CELL system (Bio-Rad).
Next, the focused strips were equilibrated in equilibration buffer (7.0 M urea, 2.0 M thio-urea, 2.0% CHAPS, 2.0% n-dodecyl-β-D-maltoside) containing 2% (w/v) DTT and 2.5% iodoacetamide (IAA), respectively. The second dimension separation was performed on a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel. The gels were run at a constant current of 25 mA/gel for 70 min until the BPB dye front had run off the bottom of the gel. Labeled proteins were visualized using a FLA3000 imager (Fuji Film, Tokyo, Japan). The IC3-OSu images were scanned using a 532 nm laser and a 580 nm band pass (BP) 30 emission filter. The IC5-OSu images were scanned using a 633 nm laser and a 670 nm BP30 emission filter. All gels were scanned at a 100 mm resolution. The scanned images were then analyzed using a PD Quest (Bio-Rad). In each sample, two-dimensional difference gel electrophoresis (2D-DIGE) was repeated about ten times, and five gel images were selected. Relative expression of each identified protein was quantified by an imager and calculated as a value relative to 5 DBA. The significance of changes of individual proteins in the three stages of the flower buds was evaluated using the mean-paired Student's t-test (P < 0.05). Proteins were post-stained with 0.1% Coomasie brilliant blue (CBB)-R250 staining and the spots of interest were excised manually and subjected to mass spectrophotometric protein identification.
Protein identification
Protein spots were excised from the gel and then ingel digestion with trypsin was performed using the method of Shevchenko et al. (1996) with modifications. The excised spot samples were placed on 96 well microplates and dehydrated in buffer containing 30% (v/v) acetonitrile (ACN) and 25 mM ammonium bicarbonate. Ten minutes after dehydration, the buffer was removed and ACN was added to the samples. After the reaction, a reduction buffer containing 10 mM DDT and 25 mM ammonium bicarbonate was added to the samples and they were incubated for 1 h at 56°C. Then samples were immediately washed with 25 mM ammonium bicarbonate. To alkylate, a buffer containing 55 mM IAA and 25 mM ammonium bicarbonate was added to the samples, and they were incubated at room temperature for 45 min in the dark. Additively, samples were washed with 25 mM ammonium bicarbonate. Spots were dehydrated with buffer containing 30% (v/v) ACN and 25 mM ammonium bicarbonate. Dehydrated gel particles were digested for 12 h at 37°C in digest buffer containing 20 ng trypsin, 0.1% (w/v) n-octyl-β-Dglucoside and 50 mM ammonium bicarbonate. The resulting peptides were concentrated and desalted using 10% (v/v) trifluorescetic acid (TFA) and desalt buffer (50%(v/v) ACN, 5%(v/v) TFA). After trypsin digestion, the peptides were spotted onto a MALDI target plate (Anchor Chip TM Target Plates with Transponder Technology, Bruker Daltonik GmbH, Bremen, Germany) using 1.0 μL of a 3% solution of matrix, saturated in acetone with recrystallized α-cyano-4-hydroxycinnamic acid, and analyzed by a MALDI-TOF or a MALDI-TOF-TOF mass spectrometer (AutoFLEX III TOF/TOF, Bruker Daltonik GmbH). These mass spectrometers were operated in a positive reflector mode, and the spectra were internally calibrated using trypsin autoproteolysis products. Protein identification was finally performed by entering the mass list into a MASCOT Peptide Mass Fingerprint (PMF) database and tandem mass spectrometry (MS/MS) ions search database (Mascot search, http://www.matrixscience.com).
Results and Discussion
To investigate pollen tube behavior affected by the three developmental stages of the style, the flower buds of 'Hyuganatsu' were pollinated 1, 3, and 5 DBA with self ('Hyuganatsu') and cross ('Hassaku') pollen. Pollen tubes, which developed from germinated pollen grains on stigma, were found in the upper part of the styles 72 h after pollination (Fig. 2) . Until this time, no differences were observed in pollen tube behavior among the three stages of the flower buds, irrespective of selfpollination and cross pollination. By 168 h after pollination, pollen tubes in the flower buds crosspollinated 1 and 3 DBA reached the base of the styles and ovaries, whereas the self-pollinated pollen tubes in the pistils 1 and 3 DBA were arrested in the upper part of the styles (Figs. 2 and 3a, b) . On the other hand, both of the self and cross pollen tubes in flower buds pollinated 5 DBA reached the base of the styles (Figs. 2  and 3c) .
The results of the fruit set and seed contents in the self-pollinated flower buds are given in Table 1 . The flower buds self-pollinated 1 or 3 DBA showed no fruit set, but the flower buds self-pollinated 5 DBA showed fruit setting and had many perfectly developed seeds and some imperfectly developed seeds. Although the fruit weight and number of perfectly developed seeds obtained by self-pollination were significantly smaller than those of open-pollination, the perfectly developed seeds germinated almost normally. Our results on selfpollen tube behavior and the fruit set after self-pollination indicate that SI in 'Hyuganatsu' has not yet occurred in the flower bud 5 DBA, and generated in the flower buds 3 DBA. A pistil S gene product of the Japanese pear, SRNase, is not detected in the style where SI has not yet occurred in the flower bud 3-6 DBA, and starts to increase rapidly with style maturation (Hiratsuka and Hirata, 1985; Ishimizu et al., 1996) . Similarly, a pistil S gene product of 'Hyuganatsu' is expected to increase Fig. 2 . Changes with the passage of time for pollen tube growth in self-and cross-pollinated flower buds pollinated 1, 3, and 5 DBA. Pollen tube growth in the pistil was established as the average of the scores. Each part of the style was given an arabic number from 1 to 7, i.e., 1 for upper stigma, 2 for middle stigma, 3 for lower stigma, 4 for upper style, 5 for middle style, 6 for lower style, and 7 for ovary. The part with the longest pollen tube apex was detected in each of 15 pistils per treatment, and the pollen tube growth index was revealed as the mean of the arabic numbers of the 15 parts. with flower bud development.
To search the pistil S-allele products increasing with flower bud development, protein differences among the unpollinated styles of 1, 3, and 5 DBA were compared by proteome analysis. A typical two-dimensional electrophoresis gel image of CBB-stained proteins extracted from the styles before anthesis in 'Hyuganatsu' is shown in Figure 4 . Approximately 900 protein spots were detected, and the profiles appeared to be equal by gel matching and analysis in all of the bud stages. One hundred thirty-eight of the detected 900 protein spots were significantly different in abundance (mean-paired Student's t-test, P < 0.05). Twenty unclear and insufficiently separated protein spots were excluded from the analysis. Of 76 protein spots analyzed, 26 were upregulated and 50 were down-regulated in the styles of 1 DBA. These 76 protein spots were analyzed using MALDI-TOF mass spectrometry and protein identification was finally performed by entering the mass list. Relative expression of identified proteins were quantified by an imager and revealed as a value relative to 5 DBA. Forty-three of the 76 identified proteins, which were remarkably up-regulated (above 1.2 fold) and downregulated (under 0.8 fold) in the stage of 1 DBA, are listed in Table 2 . As of August 2011, the UniProtKB database had about 9,000 entries under the term 'citrus' in the taxonomy column, but there was very little information on the proteins and genes of the reproductive organs of Citrus. This limited proper species identification. Therefore, identification relied almost solely on the homology with proteins belonging to other plant species. The peptides of 43 identified proteins were subjected to a BLASTP search; all of the proteins were homologous to known proteins ( Table 2) .
Seventeen of the 43 identified proteins were remarkably up-regulated (above 1.2-hold) in the flower bud stage of 1 DBA, suggesting that about 40% of these proteins increase in the style as the flower bud develops. Of the 17 up-regulated proteins, there were nine proteins (1U, 3U, 6U, 7U, 9U, 12U, 13U, 15U, and 17U in Table 2 ) with the expression pattern of 1 DBA ≥ 3 DBA > 5 DBA, five proteins (4U, 5U, 8U, 10U, and 16U in Table 2 ) with the expression pattern of 1 DBA > 3 DBA ≠ 5 DBA, and three proteins (2U, 11U, and 14U in Table 2 ) with the expression pattern of 1 DBA > 5 DBA > 3 DBA. Furthermore, 26 of the 43 identified proteins were remarkably down-regulated (under 0.8-fold) in the stage of 1 DBA, suggesting that about 60% of these proteins expressed in the style decreased radically with flower bud development. Of the remarkably downregulated proteins, there were 17 proteins (2D, 3D, 7D,  9D, 10D, 11D, 13D, 14D, 15D, 16D, 17D, 18D, 19D , 22D, 23D. 25D, and 26D in Table 2 ) with the expression pattern of 1 DBA < 3 DBA ≤ 5 DBA, eight proteins (1D, 4D, 5D, 6D, 8D, 12D, 20D, and 21D in Table 2 ) with the expression pattern of 1 DBA < 5 DBA < 3 DBA, and one protein (24D in Table 2 ) with the expression pattern of 3 DBA < 1 DBA < 5 DBA. The SI-related pistil proteins in 'Hyuganatsu' are expected to increase in the flower buds of 3 DBA because SI was generated in the flower buds 3 DBA. Therefore, it seems to be reasonable to conclude that all the down-regulated proteins and the up-regulated pistil proteins with 3 DBA ≤ 5 DBA were not related with SI, whereas the expression patterns of 1 DBA ≥ 3 DBA > 5 DBA in the nine up-regulated pistil proteins coincided with the transmission from SC to SI in the pistils. This suggests that 1U, 3U, 6U, 7U, 9U, 12U, 13U, 15U, and 17U may be SI-related pistil proteins. A BLASTP homology search predicted that the nine pistil proteins have the following functions; tubulin alpha-4 chain (1U), which constitutes the cell cytoskeleton, plays an important role in the maintenance of cell shape, cell motility, organelle movement, and cytoplasmic streaming (Miller et al., 1995; Raudaskoski et al., 2001) . Probable rhamnose biosynthetic enzyme 1 (17U) plays a role in the flavonol biosynthetic process. Flavonoid accumulation participates in various processes of plant growth as signaling substances, and in adult plants, flavonoid accumulation is restricted to actively growing or maturing tissue (Peer et al., 2001) . Otherwise, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 1 (3U), fructokinase-2 (7U), allene oxide synthase, chloroplastic (9U), and luminal-binding protein (12U) are involved in the responses to various stresses (Galili et al., 1998; Imin et al., 2004; Li et al., 2008; Stintzi et al., 2001) . Photosystem I assembly protein (13U) plays a role in photosynthesis, and probable methylenetetrahydrofolate reductase (15U) participates in the methionine metabolic process. The reported functions of these eight proteins were difficult to find a relationship with the SI reaction. On the other hand, 6U was predicted to be polygalacturonase. A polygalacturonase (TsPG) is found as an SI-related pistil protein in white alder (Turnera subulata), a heteromorphic incompatible species. TsPG is specifically detected in the styles of short-style plants, but not in ones of long-styled plants, or in the styles of homostylous selfcompatible species in Turneraceae. TsPG might play a role in elongating the pollen tube of long-styled plants in the style of short-styled plants, or in signaling compatible responses (Khosravi et al., 2003) . Polygalacturonase (6U) may be related to the 'Hyuganatsu' SI reaction. S-RNase and SI-related pistil proteins (HT-B and 120K) have been identified in the SI species of Solanaceae and Rosaceae (O'Brien et al., 2002; Puerta et al., 2009; Sassa and Hirano, 2006) . These proteins were not detected in our proteomics analysis. However, a S-RNase like gene (CgSL2) is isolated in C. grandis cv. 'Zigui Shatian' (Chai et al., 2011) , and its homologous gene was obtained from C. reticulata Blanco cv. Wuzishatangju (Miao et al., 2011) . In the mature flower of 'Zigui Shatian', CgSL2 was downregulated in the style, stem, petal, and stamen, whereas it was dramatically up-regulated in the ovary. These findings suggested that CgSL2 might be involved in ovary senescence (Chai et al., 2011) . In the selfpollinated mature flower of 'Wuzishatangju', the highest expression level of CgSL2 homologous gene was detected in the styles, followed by the filaments and ovaries. The expression level of the homologous gene reached a maximum level once after self-pollination, and declined rapidly thereafter. While, in Rosaceae, S-RNase is expressed only in the style (Sassa et al., 1993) , and the concentration of total S-protein increased with stylar development (Zhang and Hiratsuka, 2000) . Furthermore, we could not identify the S-like RNase in the different stages of styles of 'Hyuganatsu'. According to these results, CgSL2 and the homologous gene may play a different role from S-RNase expressed in Rosaceae, and they may not be related to SI occurring in the maturing flower bud in Citrus.
In conclusion, we profiled a number of protein expressions among the three different stages of style development in 'Hyuganatsu'. Feng et al. (2009) compared the protein profiles of self-compatible and self-incompatible apricot cultivars using a similar proteome analysis technique, and identified S-RNase only in SI pistils. In the present study, 138 protein spots were significantly different in abundance in the three stages, and 43 protein spots could be identified. Further comparative studies of proteins between cross-and selfpollinated styles, as well as those among developmental stages and among parts of the non-pollinated styles in SI Citrus cultivars might be helpful for confirming the key proteins related to SI.
